cDNA encoding the regulatory subunit of bovine mitochondrial pyruvate dehydrogenase phosphatase (PDPr) has been cloned. Overlapping cDNA fragments were generated by the polymerase chain reaction from bovine genomic DNA and from cDNA synthesized from bovine poly(A) ؉ RNA and total RNA. The complete cDNA (2885 base pairs) contains an open reading frame of 2634 nucleotides encoding a putative presequence of 31 amino acid residues and a mature protein of 847 residues with a calculated M r of 95,656. This value is in agreement with the molecular mass of native PDP r (95,800 ؎ 200 Da) determined by matrix-assisted laser desorption-ionization mass spectrometry. The mature form of PDPr was expressed in Escherichia coli as a maltose-binding protein fusion, and the recombinant protein was purified to near homogeneity. It exhibited properties characteristic of the native PDPr, including recognition by antibodies against native bovine PDPr, ability to decrease the sensitivity of the catalytic subunit to Mg 2؉ , and reversal of this inhibitory effect by the polyamine spermine. A BLAST search of protein data bases revealed that PDPr is distantly related to the mitochondrial flavoprotein dimethylglycine dehydrogenase, which functions in choline degradation.
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Pyruvate dehydrogenase phosphatase (PDP)
1 is a mitochondrial protein serine/threonine phosphatase that catalyzes the dephosphorylation and concomitant reactivation of the pyruvate dehydrogenase component of the pyruvate dehydrogenase complex (1, 2) . PDP consists of a Mg 2ϩ -dependent and Ca 2ϩ -stimulated catalytic subunit (PDPc) of M r 52,600 and an FADcontaining regulatory subunit (PDPr) of M r 95,600 (2) (3) (4) (5) . PDPc is a member of the protein phosphatase 2C family (6) . Ca 2ϩ mediates the translocation of PDP (or PDPc) to the 60-mer icosahedral dihydrolipoamide acetyltransferase component of the pyruvate dehydrogenase complex in proximity to its substrate, the phosphorylated pyruvate dehydrogenase component, thereby increasing the rate of dephosphorylation about 10-fold (2, 7, 8) . PDPr decreases the sensitivity of PDPc to Mg 2ϩ , i.e. increases the apparent K m for Mg 2ϩ (5) . Polyamines, particularly spermine, reverse this inhibitory effect (9 -11) , apparently by an allosteric interaction with PDPr (5).
To gain further insight into the structure, function, and regulation of PDP, we undertook the cloning of cDNAs coding for its two subunits. Bovine cDNA encoding PDPc has been cloned and expressed in Escherichia coli (6) . This study reports the isolation and characterization of cDNA clones encoding PDPr, and expression of the coding sequence in E. coli as a fusion with maltose-binding protein (MBP-PDPr). The recombinant protein was purified to near homogeneity and shown to exhibit properties characteristic of the native bovine PDPr.
EXPERIMENTAL PROCEDURES
Materials-Restriction endonucleases, DNA modifying enzymes, plasmid pMAL-C2, and amylose resin were purchased from New England Biolabs. 5Ј-and 3Ј-RACE systems were from Life Technologies, Inc. Oligonucleotides were purchased from Life Technologies, Bio-Synthesis, Inc., or synthesized on site using an Applied Biosystems model 381A DNA synthesizer. Bovine kidney genomic DNA, bovine heart total RNA, and bovine heart poly(A) ϩ RNA were purchased from CLON-TECH. Plasmid pCRII and the TA cloning kit were from Invitrogen, and E. coli strain BL21(DE3) was from Novagen. E. coli strain JM101 (12) was used to propagate plasmid DNA. Gene Clean (Bio 101) was used to purify DNA for subcloning. PDP and recombinant PDPc were prepared and assayed as described elsewhere (2, 5, 6) . One unit is defined as the amount of phosphatase that releases 1 nmol of 32 P i /min from the bovine 32 P-labeled pyruvate dehydrogenase complex (5) .
Protein Sequence Analysis-Highly purified bovine PDP was subjected to SDS-PAGE in a 12.5% slab gel as described previously (13) . The PDPr band was electroblotted onto an Immobilon-P membrane (Millipore). The amino acid sequences of the amino terminus and eight peptides obtained by CNBr, Staphylococcus aureus v8 protease, and Lys-C endopeptidase cleavage of PDPr were determined by procedures described previously (6, 14) . These sequences are underlined in Fig. 2 .
PCR-Amplification of DNA by PCR used the following standard conditions: 3 min at 94°C followed by 29 cycles of 1 min at 94°C, 2 min at 55°C, 48°C, or 42°C, and 3 min at 72°C. The last cycle was extended to 10 min at 72°C.
Amplification of cDNA Ends-The 5Ј-and 3Ј-RACE systems were used according to the manufacturer's instructions. Bovine heart total RNA was used as the template for reverse transcriptase in the 5Ј-RACE reactions and the 3Ј-RACE reaction producing fragment 3R-3. Bovine heart poly(A) ϩ RNA was used in all other 3Ј-RACE reactions. 5Ј-RACE fragment 5R-48 was amplified using oligonucleotide primer R32 in the first round and R29 in the second round of RACE, 5R-305 used R43 then R44, 5R-432 used R48 then R49, and 5R-512 used R52 then R53 (Table  I) . 3Ј-RACE fragment 3R-3 was amplified using oligonucleotide primer R26 in the first round and R27 in the second round, 3R-5f used R68 then R70, and 3R-9 -7 used R73 then R83.
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The Immunoblotting-Proteins were separated by SDS-PAGE on 12.5% gels and transferred electrophoretically to Immobilon-P membrane (Millipore). Blots were probed with a 1:4000 dilution of rabbit antiPDPr IgG or anti-PDPc IgG followed by detection with a 1:4000 dilution of goat anti-rabbit IgG conjugated to alkaline phosphatase as described by the supplier (Bio-Rad). Rabbit antibodies to PDPr and PDPc were purified on protein A-agarose (Sigma) to obtain the IgG fraction.
Expression and Purification of Recombinant MBP-PDPr FusionOligonucleotide primers R99 and R104, respectively, introduced an EcoRI site to the 5Ј end and a SalI site to the 3Ј end of the 2.5-kilobase pair fragment encoding the mature PDPr. The fragment was subcloned into the EcoRI and SalI sites of pMAL-C2 to produce plasmid pR99-12. This plasmid was transformed into E. coli strain BL21(DE3). Colonies containing the plasmid were selected by growth on LB medium (1% Tryptone, 1% NaCl, 0.5% yeast extract) containing ampicillin (50 g/ ml). A 45-ml stationary phase culture grown on the same medium containing 2% glucose was used to inoculate 1.5 liter of LB medium containing 50 g/ml ampicillin and 2 g/ml riboflavin. The culture was incubated at 30°C to an A 600 of 0.7. Expression was induced with isopropyl ␤-thiogalactoside to a final concentration of 0.4 mM, and growth was continued at 22°C for 4 h. The wet weight of the cell paste was about 5 g. The cells were resuspended in 15 ml of ice-cold buffer A (20 mM MOPS buffer, pH 7.4, 50 mM NaCl, 10 M FAD, 10 mM 2-mercaptoethanol, 1 mM EDTA, 1 mM phenylmethanesulfonyl fluoride, 2 mM benzamidine, 1 g/ml pepstatin, 1 g/ml leupeptin, 2 g/ml benzyloxycarbonyl-Phe-Ala-CHN 2 , and 0.1% Triton X-100). All operations were carried out at about 4°C. The cells were disrupted by ultrasonic treatment using five 15-s pulses at 60 W, alternating with 1-min intervals to permit cooling. The suspension was diluted to 60 ml with buffer B (buffer A lacking Triton X-100) and centrifuged at 17,000 ϫ g for 30 min. The extract was applied to an amylose resin column (2.5 ϫ 3 cm) that had been equilibrated with buffer B. The column was washed with 300 ml of buffer B and then eluted with 10 ml of buffer B containing 10 mM maltose. The fractions containing the MBP-PDPr fusion, detected by SDS-PAGE and immunoblotting, were pooled and diluted 5-fold with buffer C (buffer B lacking NaCl). The solution was applied to a heparinagarose column (2.5 ϫ 5 cm) equilibrated with buffer D (20 mM MOPS buffer, pH 7.4, 10 mM 2-mercaptoethanol, and 10 M FAD). The column was washed with 60 ml of buffer D and then developed with a 100-ml linear gradient from 0.0 to 0.5 M NaCl in buffer D. The fractions containing the fusion protein were pooled and concentrated in a Centricon-30 concentrator. The yield of highly purified MBP-PDPr was 5-6 mg.
Cleavage 
RESULTS AND DISCUSSION
Isolation and Characterization of cDNA Fragments-Attempts to isolate clones encoding PDPr from bovine cDNA libraries were unsuccessful. A PCR-based approach eventually proved to be successful. Degenerate oligonucleotide primers were synthesized based on experimentally determined amino acid sequences of native PDPr (underlined in Fig. 2 ). Combinations of the forward and reverse degenerate primers were used in PCR with bovine genomic DNA as the template. Using primers R23 and R24 (Table I) , based on a 30-amino acid residue sequence (residues 414 -443), DNA fragment R71-2 was amplified. The sequence of R71-2, encoding residues 417-439 of PDPr, was used to design specific oligonucleotide primers. Whenever possible, poly(A) ϩ RNA was used as the template for reverse transcriptase in 3Ј and 5Ј RACE. Total RNA was used when the use of poly(A) ϩ RNA was not successful. Specific nested forward primers R26 and R27 were used in 3Ј RACE with bovine total RNA as the template to produce fragment 3R-3. This fragment contains the cDNA encoding residues 429 -503, followed by 155 bp of intron DNA (I-2, sequence not shown). Successive 3Ј RACE using specific primers based on 3R-3 were unsuccessful in extending the cDNA. Therefore, inverse PCR was used to obtain fragment 17-4, encoding amino acid residues 504 -590. Bovine genomic DNA was digested into linear fragments with ApaI. Each fragment was ligated to itself to form a circular molecule. Specific primers R39, a reverse primer based on the sequence of an intron (I-1, see below) , and R33, a forward primer based on the sequence of 3R-3, were used to amplify the DNA around the circle. Primers based on the sequence of 17-4 were used in 3Ј RACE with poly(A) ϩ RNA as the template. Fragments 3R-5f and 3R-9-7, encoding amino acid residues 559 -695 and 697-847, respectively, and the 3Ј-flanking DNA, were amplified. Possibly due to the secondary structure of the mRNA, attempts to use 3Ј RACE to amplify the cDNA between fragments 3R-5f and 3R-9-7 were unsuccessful. The missing region was synthesized by PCR with a forward primer, R79, based on 3R-5f and a reverse primer, R82, based on the sequence of human cDNA clone R09107, and cDNA transcribed from poly(A) ϩ RNA. The deduced amino acid sequence of the overlapping human cDNA clones R15456, R17108, R09106, and R09107 (GenBank TM accession nos.) from the Expressed Sequence Tag Data Base (dbEST) was found to be approximately 92% identical to amino acid residues 449 -766 of PDPr and was helpful in determining the intron-exon boundaries.
5Ј Race was employed to obtain sequences upstream of fragment R71-2. 5Ј RACE using poly(A) ϩ RNA was not successful; therefore, the upstream regions of the cDNA were obtained using total RNA as the template for reverse transcriptase. Nested reverse primers R29 and R32, based on the sequences of fragments R71-2 and 3R-3, respectively, were used to amplify fragment 5R-48. This fragment terminated prematurely downstream of the 5Ј end of the full-length cDNA, but its sequence was used to design additional nested primers. The remainder of the 5Ј portion of the cDNA was contained in 5R-305, 5R-432, and 5R-512, overlapping fragments amplified in consecutive rounds of 5Ј RACE using primers based on the sequence obtained in the preceding round. A 1633-bp intron was found beginning at nucleotide 1463 (sequence not shown). The splice site is between amino acids 20 and 21 of one of the experimentally determined sequences (amino acid residues 388 -411). Both the 5Ј and 3Ј ends of the two introns are consistent with the consensus sequences for mammalian introns (18) . The molecular basis of the presence of introns in the cDNA for PDPr remains to be determined.
Reconstruction of the Full-length cDNA-The continuous sequence of the full-length cDNA was compiled from the fragments diagrammed in Fig. 1 . Specific primers based on the cDNA sequence were used to generate R99-90, R70-100, and R51-75, three large overlapping PCR fragments from cDNA transcribed from poly(A) ϩ RNA. Primers R99 and R100 were used to amplify fragment R99-100, encoding the mature PDPr, from the three overlapping fragments. These primers introduced an EcoRI site to the 5Ј end and a HindIII site to the 3Ј end, respectively. amino acid residues and a mature protein of 847 residues with a calculated molecular weight of 95,656. The deduced amino acid sequence of PDPr contains the nine experimentally determined peptide sequences (Fig. 2) (Fig. 3) , the purified MBP-PDPr showed a major band that migrated as expected for the fusion protein with a calculated molecular weight of 138,151, and it reacted with anti-native PDPr IgG. Like native PDPr (5), MBP-PDPr decreased the sensitivity of PDPc to Mg 2ϩ , and this inhibition was reversed by the polyamine spermine (Table II) . Spermine had little effect, if any, on the sensitivity of PDPc to Mg 2ϩ (Table II) (5) . We interpret these data to indicate that spermine interacts with PDPr. The observation that spermine does not cause PDPr to dissociate from PDPc 2 indicates that spermine produces a conformational change in PDPr (i.e. an allosteric effect) that reverses its inhibitory effect on PDPc. Unlike native PDPr, MBP-PDPr does not bind tightly to PDPc (Fig. 4) . However, after treatment of MBP-PDPr with factor Xa to release MBP (Fig. 3) , the PDPr did bind PDPc (Fig. 4) . Apparently, the MBP component sterically inhibits tight binding of MBP-PDPr to PDPc. These results demonstrate that the recombinant PDPr possesses properties characteristic of the native PDPr. Availability of cloned cDNA for PDPr should facilitate further studies on structurefunction relationships in PDPr.
Comparison of Amino Acid Sequences of PDPr and Dimethylglycine Dehydrogenase-A BLAST search of protein data bases revealed 32% sequence identity between bovine PDPr and the rat liver flavoprotein, dimethylglycine dehydrogenase (19) (Fig. 5) . The overall pattern indicates that the two proteins evolved from a common ancestor. Dimethylglycine dehydrogenase is a participant in the choline degradative pathway, is localized to the mitochondrial matrix, has a calculated M r of 91,600, and contains covalently bound FAD (20) . Because of this apparent evolutionary relationship and the fact that PDPr is a flavoprotein, the possibility was considered that PDPr possesses a specific dehydrogenase activity and that this activity may be involved in its regulatory function. However, PDPr did not exhibit activity with dimethylglycine or other members of the choline degradative pathway (choline, betaine, and sarcosine) in an assay coupled to phenazine methosulfate and 2,6-dichloroindophenol (20) (data not shown). Antiserum to rat liver dimethylglycine dehydrogenase did not react with bovine PDPr and antiserum to PDPr did not react with dimethylglycine dehydrogenase (data not shown).
The role, if any, of the dissociable FAD in PDPr remains to be determined. It is possible that PDPr has a redox-sensitive function. Another possibility is that the FAD has a structural role. A few enzymes require FAD for catalytic activity, although no redox reaction is involved, e.g. acetohydroxy acid synthases (21) . The availability of recombinant PDPr should facilitate studies on the role of FAD in PDPr.
